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Light traveling through the vacuum interacts with virtual particles similarly to the way that
light traveling through a dielectric interacts with ordinary matter. And just as the permittivity
of a dielectric can be calculated, the permittivity ǫ0 of the vacuum can be calculated, yielding an
equation for the fine-structure constant α. The most important contributions to the value of α arise
from interactions in the vacuum of photons with virtual, bound states of charged lepton-antilepton
pairs. Considering only these contributions, the fully screened α ∼= 1/(82
√
3π/2) ∼= 1/139.
The fine-structure constant α, which has a value inde-
pendent of the choice of units, is given by [1]
α =
e2
(4πǫ0)~c
=
e2
2ǫ0hc
=
e2
2h
√
µ0
ǫ0
, (1)
where c = 1/
√
µ0ǫ0 is used to obtain the final equality.
In (1) e, h, c, ǫ0, and µ0 are, respectively, the (screened)
magnitude of the charge on an electron, Planck’s con-
stant, the speed of light in the vacuum, and the permit-
tivity and permeability of the vacuum.
Using techniques similar to those employed for calcu-
lating the permittivity of a dielectric, a formula for the
permittivity ǫ0 of the vacuum is derived by exploiting
properties of virtual, lepton-antilepton pairs in the vac-
uum. The calculation is simplified–and the numerical
accuracy is reduced–by including only the most signifi-
cant interactions, those of photons interacting with vir-
tual, bound states of charged lepton-antilepton pairs in
the vacuum. The formula for ǫ0 is easily converted into a
formula for α, yielding the approximate theoretical value
1/α ∼= 82
√
3π/2) ∼= 139, which is to be compared with
the experimental value 1/α = 1/137.036 . . . . Solving for
the permittivity of the vacuum, ǫ0 ∼= (44)
√
6π e2/hc ∼=
8.98 × 10−12C2/Nm2. The experimental value is 8.85 ×
10−12C2/Nm2.
The possibility that the properties of the quantum vac-
uum determine, in the vacuum, the speed of light, the
permittivity, and the permeability [2–4] date back to the
beginning of quantum mechanics. As early as 1936 the
idea of treating the vacuum as a medium with electric and
magnetic polarizability was discussed by Weisskopf and
Pauli [5, 6]. Twenty-one years later Dicke [7] wrote about
the possibility that the vacuum could be considered as a
dielectric medium. Einstein’s 1920 Leiden lecture “Ether
and the Theory of Relativity” [8] was a significant influ-
ence on Wilczek’s 2008 book The Lightness of Being [9]
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that met Einstein’s challenge by expressing and encom-
passing the fundamental characteristics of space and time
through the concept of the Grid, “the entity we perceive
as empty space. Our deepest physical theories reveal it
to be highly structured; indeed, it appears as the primary
ingredient of reality.” From Wilczek’s conceptualization
it is expected that the Grid determines all physics. In
this paper a derivation of the value of α is carried out
based on characteristics of the Grid. A second founda-
tion of this calculation is the Heisenberg uncertainty rela-
tion, ∆E∆t ≥ ~/2, where ∆E and ∆t are the respective,
simultaneous uncertainties in the energy and time.
Here calculation of the permittivity ǫ0 of the Grid–and
of α–is begun by considering the classical formula [10–
12] for the permittivity ǫ of a dielectric. To determine
how the formula must be modified to describe virtual
oscillators in the Grid instead of physical particles that
oscillate, the derivation of the classical formula [11] is
briefly reviewed.
Consider a plane, sinusoidal, linearly-polarized electro-
magnetic wave traveling in the z-direction with the elec-
tric vector along the x-axis, the magnetic field along the
y-axis, and both fields oscillating at an angular frequency
ω. The origin of the reference frame is at the equilibrium
position of the dipole charges. The jth variety of oscil-
lators is composed of charges qj and −qj that oscillate
along the x-axis, affecting the progress of the light wave.
Writing Fx = max the following equation is obtained:
− kx(t)− (hr + hc)
dx(t)
dt
+ qjE cosωt = µj
d2x(t)
dt2
. (2)
On the left-hand side of the above equation −kx(t) is
the elastic restoring force, −(hr + hc)dx(t)dt is the damp-
ing force resulting from radiation (hr) and collisions (hc),
qjE cosωt is the force on the j
th oscillator resulting from
the electric field E cosωt of the light wave, and µj is the
reduced mass of the jth oscillator. Defining the electric
dipole moment pj(t), the damping parameter τ and the
classical resonant frequency ωj0 of the oscillator, respec-
2tively, by
pj(t) = qjx(t),
1
τ
=
hr + hc
µj
and (ωj0)
2 =
k
µj
, (3)
(2) can be rewritten as
d2pj(t)
dt2
+
1
τ
dpj(t)
dt
+ (ωj0)
2pj(t) =
q2j
µj
E cosωt . (4)
The solution of (4) is of the form
pj(t) = p
(0)
j cos(ωt− φ) , (5)
where
p
(0)
j =
(q2j /µj)E√
[(ωj0)
2 − ω2]2 + ω2/τ2
, (6a)
and
tanφ =
ω
τ [(ωj0)
2 − ω2]
. (6b)
Typically in dielectrics the damping is small so the damp-
ing term ω2/τ2 can be neglected. Except when the reso-
nant frequency ωj0 and ω are almost the same, it follows
from (6b) that the electric field and the dipole have al-
most the same phase when ω < ωj0 and essentially oppo-
site phases when ω > ωj0. Therefore,
p
(0)
j
∼=
(q2j /µj)E
(ωj0)
2 − ω2
. (7)
Using ǫE = ǫ0E + P , where the permittivity of the
dielectric is ǫ, the polarization density P = ΣjNjp
(0)
j ,
and Nj is the number of oscillators per unit volume of
the jth variety that are available to interact, it follows
that [13]
ǫ ∼= ǫ0 +
∑
j
Nj(q
2
j /µj)
(ωj0)
2 − ω2
. (8)
The oscillators in the dielectric contribute to an increase
in ǫ from the value ǫ0 in the Grid.
The quantum formula [14] for the propagation of a pho-
ton through a dielectric is identical to (8) except that
ωj0 now is the frequency corresponding to the ground
state instead of the classical resonant frequency. The
above formula can be used for gases: complicating issues
can arise when calculating the permittivity of liquids or
solids. In (8) the second term on the right-hand side is
the increase in the permittivity from ǫ0 to ǫ as a result of
photons interacting with oscillators in the dielectric and
results entirely from polarization of the atoms, molecules
or both in the dielectric. It then follows that the permit-
tivity of the Grid must result entirely from polarization
of the virtual atoms, molecules, or both in the Grid. If
the particles in the Grid were real instead of virtual,
ǫ0 ∼
∑
j
Nj(q
2
j /µj)
(ωj0)
2 − ω2
. (9)
For (9) to become a defining equation for ǫ0, the right-
hand-side of the above formula must be rewritten so that
it describes the interaction of photons with virtual os-
cillators in the Grid instead of oscillators consisting of
ordinary matter. When virtual oscillators in the Grid
disappear, they can’t leave energy behind for any signifi-
cant time because the principle of conservation of energy
would be violated beyond that allowed by the uncertainty
principle.
The final term ω2/τ2 in the denominator of (6a) oc-
curs because of damping. While neglecting damping is
an approximation for physical particles that oscillate in
a dielectric, it is exactly true for virtual oscillators in the
Grid: from (2) it follows that damping arises because (a)
oscillators radiate energy and (b) oscillators loose energy
in collisions with other oscillators. But virtual oscilla-
tors in the Grid can do neither. If they did, after they
vanished they would leave behind energy, violating the
principle of conservation of energy. But this implies that
the term multiplying 1/τ in (4) vanishes so
dpj(t)
dt = 0
in the Grid. Consequently, pj(t) is a constant, implying
d2pj(t)
dt2 = 0. In the derivation of (8), taking the second
derivative of pj(t) yields the term in the denominator
proportional to ω2. Since the second derivative is zero,
the term ω2 does not appear. Thus for (9) to describe
the permittivity of the Grid, ω2 must be set to zero:
ǫ0 =
∑
j
(Njq
2
j /µj)
(ωj0)
2
. (10)
The above discussion is for a classical electric field. For a
quantum field, a photon is absorbed by a virtual oscilla-
tor in the Grid. When the virtual oscillator vanishes into
the Grid, a photon is emitted that has the same energy
and momentum as the original photon.
The three types of virtual oscillators considered here
are virtual, atomic, bound states of a charged lepton and
anti-lepton: positronium, muon-antimuon bound states
and tau-antitau bound states. Initially attention is re-
stricted to positronium. Conservation of angular momen-
tum requires that positronium be created in the J = 0
state, which is parapositronium (p-Ps), a singlet spin
state that must decay into an even number of photons.
The Heisenberg uncertainty principle is
∆Ep−Ps∆tp−Ps =
~
2
. (11)
Denoting the mass of an electron (or positron) by me,
∆Ep−Ps is the energy 2mec
2 for the production of virtual
parapositronium [15]. Then (11) yields the average time
∆tp−Ps that virtual parapositronium exists,
∆tp−Ps =
~
4mec2
. (12)
3During the time ∆tp−Ps, a beam of light travels a dis-
tance Lp−Ps given by
Lp−Ps = c∆tp−Ps =
~
4mec
. (13)
Here the major new physics, which follows from dimen-
sional analysis and uses standard, cubic wave packets, is
the ansatz that the number of virtual parapositronium
atoms per unit volume is 1/L3p−Ps(= 1.11 × 1039/m3),
a result that can immediately be generalized to other
virtual particles in the Grid. To minimize the viola-
tion of conservation of energy, when a virtual, particle-
antiparticle pair is created from the Grid, the pair
is assumed to appear on mass shell in its lowest en-
ergy state. Thus virtual parapositronium, positronium’s
ground state (n = 1) for which J = 0 [16], is created in
the Grid.
During the time ∆tp−Ps that virtual parapositronium
exists, light travels less than one-thousandth of the Bohr
radius of parapositronium. Consequently, virtual para-
positronium survives such a short time that when it in-
teracts with a photon, the parapositronium would be ex-
pected to vanish back into the Grid before it could be
elevated to an excited state.
As in ordinary matter, the decay of a virtual para-
positronium atom is assumed to be dominated by its in-
teraction with the quantum electromagnetic field. There-
fore, to calculate the probability that a photon inter-
acts with a virtual parapositronium atom that annihi-
lates electromagnetically, the electromagnetic decay rate
Γ is calculated using the mechanism for the annihilation
of ordinary matter, [17]
Γ =
α5mec
2
~
, (14)
which is twice the decay rate of parapositronium into two
photons [18, 19].
At equilibrium the average rate for which virtual para-
positronium absorbs a photon equals the average rate for
which virtual parapositronium annihilates and emits a
photon. As a consequence, the average probability that
virtual parapositronium absorbs a photon is Γ∆tp−Ps.
For virtual parapositronium the quantity Nj in (10),
denoted Np−Ps, is the number density of virtual para-
positronium multiplied by the average probability that
virtual parapositronium will absorb an incoming photon:
Np−Ps =
1
L3p−Ps
× Γ∆tp−Ps =
α5
4
(
4mec
~
)3
. (15)
Since positronium is a bound state of an electron and
positron, the reduced mass µi in (2) is µe = me/2. The
non-relativistic, ground-state energy level for positron-
ium is obtained from the n = 1 energy level of hydrogen
by replacing the reduced mass of hydrogen with the re-
duced mass me/2:
Ee = −
(me/2)e
4
2(4πǫ0)2~2
= −meα
2c2
4
. (16)
The above formula is used [14] to calculate the natu-
ral angular frequency of positronium in its ground state:
ωj0 = ω
e
1 = −Ee/~:
1
(ωe1)
2
=
(
4~
meα2c2
)2
. (17)
Eq. (10) then takes the form
ǫ0 =
∑
j
83αe2
~c
. (18)
Note that the mass of the electron has cancelled from
the expression for ǫ0, implying that virtual, bound muon-
antimuon and tau-antitau pairs each contribute the same
amount to the value of ǫ0 as virtual positronium. Thus,
ǫ0 = 3
83αe2
~c
. (19)
Multiplying both sides of (19) by (4π~c)/e2 and using
(1) yields the desired result:
1
α
∼= 82
√
3π/2 ∼= 138.93 . . . . (20)
The experimental value is 1/α = 137.036 . . . . Using the
second expression for α in (1), substituting the expression
into (19), and solving for ǫ0,
ǫ0 ∼= 42
√
6π
e2
hc
∼= 8.98× 10−12 C
2
Nm2
. (21a)
Alternatively, selecting the third expression for α in (1)
that includes the defined quantity µ0, substituting the
expression into (19), and solving for ǫ0,
ǫ0 ∼= 3(83)π
µ0e
4
h2
∼= 9.10× 10−12 C
2
Nm2
. (21b)
Because the expression for ǫ0 in (19) is not exact, slightly
different values for ǫ0 are obtained when expressed in
terms of µ0, e, and h instead of c, e, and h. The exper-
imental value is ǫ0 = 8.85 × 10−12C2/Nm2. Using c =
1/
√
µ0ǫ0 and the value for ǫ0 in (21a), c = 2.98×108m/s.
Virtual quark-antiquark pairs contribute little to the
value of α: for the heavy quarks Q = c, b, or t, there are
noQQ¯ states that decay directly into two photons. While
there are QQ¯ states that decay into a lepton-antilepton
pair that, in turn, decays into two photons, the contri-
butions to ǫ0 from these decays are suppressed because
of the intermediate lepton-antilepton pair. For the light
quarks q = u, d, or s, the π0, η, and η′ are J = 0 com-
binations of qq¯ bound states that decay into two pho-
tons. If the the π0, η, and η′ resonate, the frequencies
would be many orders of magnitude larger than those
of bound, lepton-antilepton pairs, suppressing their con-
tributions to 1/α. On the other hand, in comparison to
their masses, the decay rates of these mesons are orders of
magnitude larger than those of bound, lepton-antilepton
4pairs. The net result is that the light quarks’ contribu-
tions also would not significantly affect the value of α to
the accuracy obtained here.
The fact that the above value for 1/α is about 1.4%
too large might be explained if some bound, lepton-
antilepton pairs convert into another form that con-
tributes less to the the right-hand side of (10). Specifi-
cally, if some virtual parapositronium atoms combine to
form virtual diparapositronium molecules that have an
electric quadrupole moment but not a dipole moment,
then the right-hand side of (10) and thus 1/α would de-
crease. Also, higher-order corrections in α could be sig-
nificant.
Note in particular that diparapositronium molecules
respond to (quadrupole) gravitational radiation, inextri-
cably linking electromagnetism and gravitational radia-
tion. This subject is currently under investigation.
In the early universe when the temperature was suf-
ficiently high that it was difficult for virtual, lepton-
antilepton pairs to bind into virtual, lepton-antilepton
atoms, the number density of virtual, lepton-antilepton
atoms in the Grid would have been much less than to-
day. From (10) it then follows that ǫ0 would also have
been much smaller. Since c = 1/
√
ǫ0µ0, the decrease in
the value of ǫ0 would tend to make the speed of light
in the early universe much larger. To make a definitive
statement about the speed of light in the early universe,
however, an analysis of µ0 is required.
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